Network) is an international consortium of ischemic stroke studies that aims to generate high-quality phenotype data to identify the genetic basis of pathogenic stroke subtypes. This analysis characterizes the etiopathogenetic basis of ischemic stroke and reliability of stroke classification in the consortium.
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Methods-Fifty-two trained and certified adjudicators determined both phenotypic (abnormal test findings categorized in major pathogenic groups without weighting toward the most likely cause) and causative ischemic stroke subtypes in 16 954 subjects with imaging-confirmed ischemic stroke from 12 US studies and 11 studies from 8 European countries using the web-based Causative Classification of Stroke System. Classification reliability was assessed with blinded readjudication of 1509 randomly selected cases. Results-The distribution of pathogenic categories varied by study, age, sex, and race (P<0.001 for each). Overall, only 40% to 54% of cases with a given major ischemic stroke pathogenesis (phenotypic subtype) were classified into the same final causative category with high confidence. There was good agreement for both causative (κ 0.72; 95% confidence interval, 0.69-0.75) and phenotypic classifications (κ 0.73; 95% confidence interval, 0.70-0.75). Conclusions-This study demonstrates that pathogenic subtypes can be determined with good reliability in studies that include investigators with different expertise and background, institutions with different stroke evaluation protocols and geographic location, and patient populations with different epidemiological characteristics. The discordance between phenotypic and causative stroke subtypes highlights the fact that the presence of an abnormality in a patient with stroke does not necessarily mean that it is the cause of stroke. (Stroke. 2014;45:3589-3596.)
Key Words: classification ◼ pathogenesis ◼ phenotype S uccessful identification of genes that modify ischemic stroke risk relies on accurate delineation of pathogenic stroke phenotypes. [1] [2] [3] [4] [5] Determination of pathogenic stroke subtypes requires integration of several clinical, diagnostic, and imaging features and, therefore, is inherently subject to variability. Reproducible data on frequency of pathogenic stroke subtypes based on large multicenter data sets using well-defined and evidence-based criteria do not exist. Published studies on pathogenic stroke subtypes are largely constrained by poor to moderate reliability of the classification system, 6-8 suboptimal or uncertain diagnostic workup, 9, 10 small sample size, 7, 8, 11 single center design, 8 and use of stringent selection criteria. 10, 11 This analysis sought to better understand the pathogenic basis of ischemic stroke. We prospectively identified pathogenic stroke subtypes using the rule-and evidence-based Causative Classification of Stroke (CCS) system within the context of the NINDS (National Institute of Neurological Disorders and Stroke)-Stroke Genetics Network (SiGN). [12] [13] [14] [15] CCS automatically provides both phenotypic and causative stroke subtypes in each case. The former is a summary of positive test findings, whereas the latter requires integration of clinical, laboratory, and imaging stroke features and diagnostic test results to identify a single most likely causative subtype for each case. Hence, they provide different information. Here, we report distribution characteristics of various CCSdefined ischemic stroke subtypes and inter-rater reliability of pathogenic subtype assignments in the SiGN data set.
Methods

Contributing Studies and Patient Population
SiGN is a large international consortium of ischemic stroke studies aiming to generate high-quality phenotype data to assist in the identification of the genetic basis of ischemic stroke subtypes. This analysis included ischemic stroke cases from the initial 12 US and 11 European ischemic stroke studies in SiGN from 9 countries. Imaging confirmation of the absence of hemorrhagic stroke was required in each subject. Details about the individual contributing studies have been described previously in a separate publication. 15 Seventeen studies recruited consenting cases without using any selection criteria. In contrast, 6 studies were conducted in selected populations based on age, sex, and family history. 15 Recruitment to contributing studies occurred during a 23-year period between 1989 and 2012.
Stroke Subtyping
Pathogenic stroke classification in SiGN started in July 2010. The current study included 16 954 cases for whom pathogenic subtype information was available in the SiGN database as of March 2014. SiGN used the web-based CCS system for stroke subtyping (available at https://ccs.mgh.harvard.edu). 13 The details of CCS were published elsewhere. 13 For the purpose of SiGN, we customized CCS by generating a confidential, password-protected data collection platform. We also made a modification in the online CCS form by separating the single data entry field for small artery occlusion (SAO) in the original CCS into 2 separate data entry fields: one to indicate whether there is a typical lacunar infarct on neuroimaging and the second one to rule out whether there is an accompanying parent artery disease at the origin of the penetrating artery supplying the site of the lacunar infarct. Thus, it became possible to collect phenotypic data on lacunar infarcts for which vascular imaging for parent artery disease was not available. No modification was made in the decision-making code of the CCS; both customized and original CCS algorithms provided the same subtype for each given test condition.
We determined phenotypic subtypes in each subject. 13, 14 Phenotypic subtypes referred to abnormal test findings categorized in major pathogenic groups without weighting toward the most likely cause in the presence of multiple causes. 14 There were 4 main phenotypic categories: large artery atherosclerosis (LAA), cardiac embolism (CE), lacunar infarction, and other uncommon causes. There were 4 possible states for LAA and CE (major, minor, absent, and incomplete evaluation), 3 for lacunar infarction (major, absent, and incomplete evaluation), and 2 for other uncommon causes (major and absent), giving rise to a total of 96 phenotypic categories. We collapsed these 96 categories into the following 7 subtypes: LAA-major, CE-major, lacunar infarction-major, other-major, no major pathogenesis, multiple competing major pathogeneses, and incomplete investigation. We further collapsed the last 3 categories into undetermined category and generated a 5-subtype phenotypic categorization.
We also recorded causative subtypes in each case. In contrast to phenotypic subtypes, causative subtyping requires integration of multiple aspects of ischemic stroke evaluation in a probabilistic and objective manner. 12, 13 The causative subtype differs from the phenotypic subtype in certain occasions. For instance, in a patient with internal carotid artery stenosis, ipsilateral internal borderzone infarcts, and atrial fibrillation, the causative subtype is LAA, whereas the phenotypic subtype is multiple competing pathogeneses because of coexistence of LAA and CE. Major causative categories included LAA, CE, SAO, other uncommon causes, and undetermined causes. The undetermined group was further divided into 4 subcategories as cryptogenic embolism, cryptogenic-other, incomplete evaluation, and multiple competing causes (unclassified). We grouped cardiac pathologies with uncertain risk of stroke (minor sources) into the undetermined cryptogenic-other category. This allowed us to generate a more refined cardioembolic category (CE-major). Each causative category in CCS (except for undetermined category) was subdivided based on the weight of available data as evident, probable, or possible to identify the level of confidence in assigning an pathogenesis. 12 Overall, CCS generated 17 causative subtypes.
CCS did not require a minimum level of investigations. In cases with missing tests, the system still assigned a subtype based on results of available tests but with a lower level of confidence. For instance, in a patient with typical lacunar infarct in the internal capsule and missing intracranial vascular imaging to rule out a parent artery disease, the level of confidence in attributing lacunar infarct to SAO was reduced from evident to possible. A subtype (both causative and phenotypic) was considered to be incomplete evaluation only when brain imaging, vascular imaging, or cardiac evaluation was not performed in the absence of an identified pathogenesis.
Data Adjudication and Quality Control
A total of 52 adjudicators (13 stroke neurologists, 17 stroke fellows, 13 neurology residents, and 9 non-neurologists) performed stroke subtyping. A centralized Phenotype Committee of 4 expert stroke neurologists met weekly to monitor data quality and site performance. The same committee blindly readjudicated a randomly selected 10% of cases recruited from the US studies for quality control. Similarly, 10% of cases from European studies were readjudicated by blinded European investigators (n=20). Each adjudicator and readjudicator had to complete an interactive online training module. The Phenotype Committee members provided training to adjudicators/readjudicators on data entry, data submission, and archiving at scheduled study meetings and via webinars. Every investigator was required to pass an online certification examination available at the CCS website.
Data Source
Study-specific case report forms and unabstracted medical records served as data source for subtyping. Readjudicators used the same data source available to adjudicators to determine the CCS subtypes. Data sources varied in length and detail among the study sites. Subtype assignments were done based on data available at the time of discharge in the majority. Prolonged ambulatory cardiac monitoring was obtained after discharge in 14% of the subjects. In such cases, we used postdischarge cardiac monitoring findings for stroke subtyping. All data entered into CCS and the system output were saved in a confidential SiGN database. In addition to subtype-related data, each study site provided baseline variables such as age, sex, race, and vascular risk factors, using a structured data collection form.
Statistics
Our primary objective was to determine the distribution of CCS subtypes within the SiGN cohort. We also determined pathogenic subtype distribution in a subset with complete diagnostic investigation. We defined complete investigation as the presence of brain imaging, intracranial and extracranial vascular imaging, and cardiac evaluation with echocardiography if ECG and clinical assessment did not reveal a source. We assessed the heterogeneity among centers in utilization of diagnostic tests using the χ 2 test. We used χ 2 test and Student t test to evaluate differences between cohorts with and without complete investigation for categorical and continuous variables, respectively. We assessed the correlation between causative and phenotypic subtypes by calculating how often CCS classified a given major abnormal evaluation finding (phenotypic subtype) as the causative stroke mechanism (causative subtype). We performed multinomial logistic regression to evaluate associations between causative CCS subtypes and age, sex, and race. In regression models, undetermined category served as the reference. We assessed the concordance between paired ratings by adjudicators and readjudicators by calculating crude agreement rates and unweighted κ values for both 5-subtype causative and phenotypic classification. 16 We expressed associations as odds ratios and 95% confidence intervals (CIs). We considered P values <0.05 as statically significant. Table 1 presents characteristics of the study population. Complete diagnostic investigation was available in 46%. Cases with complete investigation were similar to those with incomplete investigation except that they were slightly younger and more likely to be men (P<0.001; Table 1 ). The proportion of cases with complete investigation varied across the 23 studies (P<0.001; Table 2 ). US studies had higher complete investigation rate as compared with European centers (53% versus 40%; P<0.001). Figure 1 shows the distribution of phenotypic and causative subtypes. Compared with the overall population, subtype distribution differed in the cohorts with complete investigation ( Figure 1 ; P<0.001) and after exclusion of the 6 studies that used selection rules ( Figure I in the online-only Data Supplement; P<0.001).
Results
Study Cohort
Stroke Subtypes
Vascular investigations revealed an atherosclerotic lesion causing ≥50% stenosis (LAA-major phenotype) in 3392 of the 16 954 cases (20%); among these, 2093 (62%) had extracranial stenosis, 962 (28%) had intracranial stenosis, and 337 (10%) had both extra-and intracranial stenoses. LAA-major was an isolated finding in 2536 (75%); in the remaining 856 (25%), there was another major pathogenesis such as a major cardioembolic source. Diagnostic tests for other pathogeneses were missing in 972 (29%). Overall, 1719 (51%) cases with a major LAA had either a missing test or another competing pathogenesis. The final causative subtype was LAA-evident in only 1815 (54%) cases (Figure 2A ). The remaining individuals were either classified into the category of LAA but with a Complete investigation is defined as the presence of brain imaging, cardiac evaluation with electrocardiography, echocardiography if other investigations did not reveal a source, and intracranial and extracranial vascular evaluation.
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December 2014 lower level of confidence (either probable or possible) or into another category. There was a major cardiac source in 4496 of the 16 954 (27%) cases. Atrial fibrillation accounted for the largest proportion of the major cardiac source of embolism (3735; 83%). There was another competing major vascular or systemic abnormality in 816 (18%) cases. Diagnostic investigations were incomplete in 2229 (50%) cases. The final causative subtype was CE-evident in 2011 (45%) cases with a major cardiac source of embolism ( Figure 2B ).
There were 2458 (15%) cases with a typical lacunar infarct on neuroimaging. Among those with lacunar infarction, intracranial vascular imaging was available in 1567 (64%). An abnormality in the parent artery at the origin of the penetrating artery supplying the territory of the lacunar infarct was reported in 300 (19%). Cardiac investigations were performed in 1617 (66%) and revealed a major cardiac source in 208 (13%). Overall, vascular and cardiac evaluations revealed another major pathogenesis in 492 (20%). Investigations were incomplete in 1344 (55%). The final causative subtype was SAO-evident in 992 (40%) cases with a typical lacunar infarct on neuroimaging ( Figure 2C) .
Diagnostic investigations revealed a major uncommon pathogenesis in 1109 (7%) cases. The most frequent uncommon pathogenesis was acute arterial dissection (397 cases, 36%). Overall, incomplete evaluation and completing major pathogenesis rate was 53% in this category. The final causative subtype was evident other uncommon causes in 526 (47%) patients with a major uncommon pathogenesis ( Figure 2D) .
The largest pathogenic category was undetermined pathogenesis (7272 cases; 43%). This category included 3947 (55%) with incomplete evaluation, 1333 (18%) with minor cardiac emboli sources, 655 (9%) with multiple competing pathogeneses, 1118 (15%) with cryptogenic-other, and 219 (3%) with cryptogenic embolism. Of note, there were a total of 3257 (19%) cases in the entire study cohort with multiple competing pathogeneses (major or minor). Nevertheless, the final causative subtype was unclassified in only 655 (4%), suggesting that the CCS algorithm was able to identify a probable pathogenesis in the vast majority of patients with overlapping pathogeneses.
There was a significant relationship between stroke subtypes and age, sex, and race (P<0.001 for each; Figure II in the online-only Data Supplement). The association was most obvious for age. Subjects ≥50 years were ≈4× more likely to have cardioembolic stroke and 6× less likely to have stroke because of other uncommon causes as compared with those <50 years. In a further analysis where age was classified by decades, we found a continuous increase in LAA and SAO with increasing age with peak values in the age ≈50 to 70 years (Figure 3 ). There was no such age peak in major CE; instead, the probability of major CE continuously increased by increasing age. In contrast, there was a steady decrease in cryptogenic and other uncommon strokes by increasing age.
Reliability
There were 1509 paired ratings by 52 adjudicators and 24 readjudicators. The crude agreement for 5-subtype causative system was 80% ( Table I in the online-only Data Supplement). The corresponding κ value was 0.72 (95% CI, 0.69-0.75). The crude agreement rate for 5-subtype phenotypic system was 81% with a corresponding κ value of 0.73 (95% CI, 0.70-0.75; Table II in the online-only Data Supplement). Crude agreements rates for causative system varied between 65% and 99% across the study sites except for 1 site where the agreement rate was 40% ( Figure III in the online-only Data Supplement). After excluding that one outlier, the κ value increased to 0.75 (95% CI, 0.72-0.77) for causative and 0.75 (95% CI, 0.72-0.78) for phenotypic classifications.
Discussion
This is a large study of systematic ischemic stroke subtyping using an evidence-and rule-based system. Because of its size, patterns of subtype distribution across age groups are more readily discernible. It is also the largest study of the inter-rater reliability of ischemic stroke subtyping published thus far, based on 1509 paired ratings by a total of 76 trained and certified adjudicators and readjudicators. There was simultaneous The heterogeneity among studies was assessed by χ 2 test.
assessment of phenotypic and causative subtypes allowing examination of subtype distribution and reliability separately for these 2 types of classification. Our finding of discordance between the causative and phenotypic classifications is expected and reflects the fact that the presence of a phenotypic characteristic in a given patient, such as a vascular or cardiac abnormality, does not necessarily mean that it is the cause of stroke in that patient. The extent of diagnostic evaluation was heterogeneous for a variety of reasons. Some studies used single site recruitment where strokes were evaluated at tertiary medical centers by vascular neurologists with a highly consistent diagnostic approach, whereas other studies were regional or national in scope with strokes evaluated primarily at community hospitals by physicians with diverse backgrounds with a less consistent diagnostic approach. 15 This variation in extent of diagnostic evaluation motivated us to provide data separately for the subset with complete vascular and cardiac investigations. The results in this subset are the highest quality data available in the literature on the distribution of stroke subtypes. Of note, the subset with complete investigations resembled the overall study population with respect to the majority of baseline characteristics, suggesting no substantial selection bias.
In the present study, inter-rater reliability was slightly lower (κ=0.72) than previously reported for CCS (κ≥0.80). [12] [13] [14] Prior studies had smaller number of raters (n=2-20) and smaller number of cases (n=50). As the number of cases and the number of raters increase, the variance introduced to stroke classification also increases and hence the reliability decreases. In contrast to prior studies that used abstracted case summaries, reliability analysis in this study was based on reviews of unabstracted case report forms and patient charts. Differences in raters' ability to pinpoint the medical record data that is critical for subtyping, ambiguities in the source data (for instance, inconsistencies in interpretation of test finding between physician notes), variance in raters' interpretation of the diagnostic data, and lack of data or incomplete data and (D) causative subtypes in the subset with complete vascular and cardiac investigation. Please note that the term incomplete evaluation in A and C designates a pathogenic subgroup under undetermined (Und) category that is considered when diagnostic investigations are not performed in the absence of an identified pathogenesis. According to this definition, a case with atrial fibrillation in history is not classified as incomplete evaluation when vascular and cardiac investigations are not done. The term complete investigation in B and D, however, is solely based on availability of diagnostic tests indicating that brain imaging, vascular imaging, and cardiac evaluation are available. CE indicates cardiac embolism; LAA, large artery atherosclerosis; LI, lacunar infarction; and SAO, small artery occlusion.
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(for instance, unavailability of radiographic images for visual assessment) likely contributed to lower agreement. Despite all these factors, κ for CCS still exceeds reported κs for conventional classification systems. The Women's Health Study is the largest reliability study of Trial of ORG 10172 in Acute Stroke Treatment (TOAST) including 133 cases and 2 raters and reporting a κ of 0.49. 9 The Siblings with Ischemic Stroke Study (SWISS) assessed the reliability of TOAST using the largest number of raters (6 raters and 30 cases) and reporting a κ of 0.54. 11 The κ for conventional classification would be expected to be much lower when tested in the same test conditions with the present study. Several limitations merit further discussion. We did not include a specific minimum standard for quality of source data used for phenotyping. The 23 studies included in this analysis represent a broad range of methodologies (hospital-based case-control, pedigree-based, observational cohorts, and population-based studies) and using a broad range of criteria for inclusion ranging from no restriction to targeted recruitment by age, sex, family history, etc. Source documents varied from secondary notes of test results to computerized data repositories where access to source data such as radiographic images was possible. This diversity strengthens the confidence in our findings by capturing the vagaries that may occur in the real world as opposed to the rigors of a structured clinical research setting. Moreover, CCS provides refined subtypes by integrating quality and completeness of source data into level of confidence for each subtype, minimizing the impact of diversity in source data on validity of classifications. Insufficient representation of certain racial and ethnic groups (for instance, Asian population) in SiGN may have caused underestimation of certain mechanisms such as intracranial atherosclerosis. Finally, because majority of studies were hospital-based, the study population was vulnerable to survival, severity, or consent bias in addition to the impact of specific inclusion and exclusion criteria.
A major strength of this study was systematic adjudication of stroke subtypes using a rule-and evidence-based system. CCS offers several advantages such as good to excellent reliability and web-based interface. 13 In addition, CCS retains and standardizes individual data points such as atrial fibrillation or arterial dissection that underlie subtype classification. Furthermore, its ability to provide both phenotypic and causative subtypes would allow one to separately explore the genetic basis of the presence of a potential pathogenesis (phenotypic subtype) and the presence of a causative pathogenesis (causative subtype). A gene for LAA could be different from a gene that makes an atherosclerotic plaque rupture and cause stroke. The ability to study such differential genetic associations would facilitate our understanding of the pathophysiological basis of ischemic stroke.
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